Silicon nanocrystals embedded in an oxide matrix formed in a multilayer architecture were deposited by the magnetron sputtering method. By means of Raman spectroscopy we have found that compressive stress is exerted on the silicon nanocrystal core. The stress varies as a function of silicon concentration (O/Si ratio) in the silicon-rich oxide (SRO) layers, which can be attributed to the changing nanocrystal environment. By conducting the time-resolved spectroscopy experiment, we demonstrate that, depending on the nanocrystal surroundings, a different amount of nonradiative recombination sites participates in the excited carrier relaxation process, leading to changes of the relative quantum yield of photoluminescence.
Introduction
Silicon nanocrystals (Si-NCs) embedded in a silicon dioxide (SiO 2 ) matrix deposited in an alternating multilayer architecture of silicon-rich oxide (SRO)/SiO 2 have been extensively studied due to promising applications in third-generation tandem solar cells [1] . The alternating layers of SRO and SiO 2 allow control of the Si-NCs' size more precisely [2] . Moreover, tuning the Si-NCs' bandgap to different sunlight wavelengths separately in each stacked layer is possible, resulting in selective photon absorption and therefore theoretically higher cell efficiency. The possibility of generating photocurrent through light absorption in Si-NCs has already been shown experimentally [3, 4] . The first working p-i-n diodes based on Si-NCs have also been demonstrated [5] . Nevertheless, Si-NC-based solar cells require further research.
The multilayers containing Si-NCs may be successfully deposited by the sputtering technique. During annealing in an N 2 atmosphere and temperature around 1100
• C the excess silicon in the SRO layer precipitates to form Si nanocrystals between the stoichiometric silicon oxide layers. The matrix surrounding Si-NCs may lead to significant changes of the optical properties of Si-NCs. In particular, some of the firstprinciples calculations have proved that the surrounding matrix always produces a strain on the nanocrystals, especially at the Si-NC/SiO 2 interface. According to theory, the amount of strain exerted on the nanocrystal depends on the Si-NC size [6] as well as on the number of oxygen atoms bonded to the Si-NC surface [7] (oxidation degree). Moreover, the properties of the suboxide shell covering the Si-NCs are also of great importance and have been recently widely debated [8, 9] . Depending on its structure, this intermediate phase between Si and SiO 2 may be a formation place of many defect sites (radiative or nonradiative ones). It has been proposed that these defects can play an active role in the luminescence mechanism [10] . It is clear that the amount of stress exerted on Si-NCs depends strongly on the local Si-NC environment [11] . In this context, variable stress may indicate structural changes occurring in the Si-NC surroundings. On the other hand, changes in the Si-NC environment may also influence the carrier recombination kinetics [12] by introducing new paths for radiative and/or nonradiative recombination.
Since these problems have not been thoroughly investigated experimentally, it is worth finding a correlation between stress and carrier nonradiative recombination. In this work, we investigate these effects by means of Raman and time-resolved PL spectroscopy. Our results confirm a strong dependence of the strain on the Si-NC surface oxidation level as well as Si-NC size. Moreover, we shed additional light on the nonradiative relaxation mechanism in this material.
Experimental details
The SRO/SiO 2 multilayer films with different O/Si ratios in the SRO layers were deposited onto silica substrates by the sputtering technique [2] . Each film consisted of 15 SRO/SiO 2 bilayers. Individual SRO layers and SiO 2 layers in all samples were around 4 nm and 6 nm in thickness, respectively. The thicknesses of SRO layers and SiO 2 layers were deduced from deposition rates determined by both TEM and x-ray reflectivity (XRR). In order to form Si-NCs, all samples with various O/Si ratios were annealed in a conventional quartz-tube furnace in a nitrogen atmosphere at a temperature of 1100
• C for 1 h. The O/Si ratio of the samples was determined by x-ray photoelectron spectroscopy (XPS) (Fisons ESCALAB 220i-XL) to be around 0.7, 0.86, 1.00 and 1.30.
The room temperature micro-Raman scattering was measured using a single-stage spectrometer (T64000 Horiba Jobin Yvon) equipped with a silicon CCD camera. An Ar + laser (λ = 514.5 nm) was used as the excitation source. The lack of noticeable heating of the samples was confirmed by the constant ratio of the Stokes and anti-Stokes components of the Raman spectra. The PL decay was measured by the strobe technique at λ = 350 nm excitation wavelength of a xenon lamp and the emission was analyzed with a photomultiplier tube. 
Results and discussion
The Si-NC crystallization was confirmed by glancing incidence x-ray diffraction (GIXRD) as well as transmission electron microscopy (TEM) measurements. An example of a TEM image obtained for the O/Si = 0.7 sample is shown in figure 1 . Clearly, lattice fringes representing isolated SiNCs, surrounded by the speckle pattern of amorphous SiO 2 , can be seen. Based on similar results, the Si-NC diameter was estimated to be 4-5 nm, 4-4.5 nm, 3-3.5 nm and 2.2-2.5 nm for O/Si ratios equal to 0.7, 0.86, 1.00 and 1.30, respectively. The more detailed structural characterization of the investigated samples can be found elsewhere [2] . Figure 2 shows measured Raman spectra of Si-NCs that consist mainly of two bands: a broad low frequency band (LF) with a maximum at around 480 cm −1 and a narrower, asymmetrically broadened high frequency (HF) peak centered at 517-519 cm −1 . The LF band may be attributed to amorphous silicon (a-Si) [13] , whereas the HF originates from Si-NCs [14] . To compare, we also show the reference spectrum of bulk Si with a peak at ω Si = 520 cm −1 . In this study, we fit the HF Raman band with the phonon confinement (PC) model [15] :
where L = D/a 0 , D is the Si-NC diameter, a 0 = 0.543 nm is the Si lattice constant, q is the phonon wavevector expressed in 2π/a 0 units, α is a factor representing the degree of phonon confinement and 0 is the natural linewidth. The ω(q) in equation (1) represents the dispersion relation for optical phonons, which can be approximated by [16] 
In equation (2), ω C = ω Si = 520 cm −1 is the optical phonon frequency at the -point of the Brillouin zone of a bulk unstressed Si crystal, whereas phonon confinement effects appear solely on α and D. However, it has been shown that α can vary to some extent and its choice is somewhat arbitrary [17] . Moreover, if stress is present in the material, the ω C value changes [18] . Therefore, to retain all the information, during the fitting procedure we left ω C as a free parameter together with 0 and α. However, according to average TEM results, the Si-NC size D was fixed during fitting. Additionally, a Gaussian function was used to fit the LF band. The inset to figure 2 shows results obtained for the O/Si = 1.3 sample. It can be seen that the PC model accounts for the asymmetric shape of the Raman band of Si-NCs. This asymmetric shape is a result of a finite nanocrystal volume, which allows phonons away from the Brillouin zone center to contribute to the Raman scattering. Therefore, in this kind of fitting, we rely on the theoretical Raman lineshape rather than the peak position. Since we knew the average Si-NC size from TEM results, it was possible to obtain a very good quality of fit for all the samples.
It was shown previously [2] that the samples with O/Si equal to 0.86, 1.00 and 1.30 exhibit a broad PL band around ∼1.55 eV for λ = 350 nm excitation. The observed PL peak position changes only slightly with Si-NC size and it does not follow the quantum confinement predictions. This effect has been observed by different authors and is related to the defect-based origin of PL in Si-NC/SiO 2 materials [2, 10, 19] . Therefore, in the investigated case, the Si-NCs act only as an absorber and the excitation migrates to luminescence centers (i.e. Si=O defects) localized on the Si-NC surface or in the Si-NC surroundings.
As can be seen in figure 3(a) , the PL intensity is maximum at O/Si = 1.3 and then decreases while reducing the O/Si ratio. We were not able to detect any PL in the case of the O/Si = 0.7 sample. Figure 3 (a) also shows the absorption coefficient measured at the wavelength λ = 350 nm, HF band Raman intensity and crystalline fraction calculated from XRD measurements. These results show a completely opposite tendency compared to PL intensity: while increasing the O/Si ratio the absorption coefficient, Raman intensity and crystalline fraction decrease in a very similar manner. According to these results, two main conclusions can be drawn: (1) the observed high-energy absorption is mostly due to Si-NCs and (2) the decrease of PL intensity is related to some nonradiative recombination processes, which become more efficient with increasing Si concentration (quantum yield decreases while decreasing the O/Si ratio). The latter effect may be related to structural changes of the Si-NCs or the Si-NC environment. Most probably, the increase in Si contamination has an influence on the amount of defects that become centers of nonradiative recombination. Moreover, if structural changes are present in the Si-NC environment, we may expect the Raman spectra to be influenced somehow. Indeed, in our experiment, the measured HF Raman band does not shift according to the tendency predicted by the phonon confinement model. Comparing O/Si = 0.7 and 1.3 samples (figure 2), the HF band even seems to shift in the opposite direction. The most probable explanation for this behavior is the presence of stresses in the lattice, which are known to shift Raman bands [20] . Thus, in further analysis we consider both factors: phonon confinement and stress-related effects. Figure 3 (b) presents ω = ω Si − ω C , defined as the difference between optical phonon frequency at the -point of the Brillouin zone for unstressed Si crystal (ω Si = 520 cm −1 ) and ω C obtained from fitting the Raman results. The ω is a measure of stress exerted on the Si-NCs. It is worth noticing that the above definition distinguishes between compressive ( ω < 0) and tensile ( ω > 0) stresses, which are known to shift the Raman band in the opposite direction. In the case of unstressed Si-NC ω Si should be equal to ω C resulting in ω = 0. Moreover, figure 3(b) also presents the Raman shift ω BP obtained for the bond polarizability (BP) model [21] . It represents the phonon-confinement-induced shift expected for unstressed Si-NCs. The phonon confinement effect related to Si-NC size shifts the Raman line towards lower wavenumbers ( ω BP > 0). To account for different shapes of Si-NCs, we present ω BP calculated for Si-NC spheres and columns (in practice Si-NCs deposited by the sputtering technique are not perfect spheres). Since stress-and size-related effects can take place simultaneously, the final position of the HF Raman band ω R−HF is defined as
Figure 3(b) shows that the ω absolute value increases when the Si-NC size decreases. Moreover, ω < 0 for all of the samples. This result indicates the presence of compressive stress exerted on the Si-NCs that increases with increasing O/Si ratio. We can assume that the dependence of the Raman band position as a function of pressure is similar to bulk Si [22] , as in the following equation [23] :
where P is the pressure in kbar. Using equation (4) figure 3(b) ) we can see that the ω absolute value is located somewhere between the ω BP curves obtained for Si-NC spheres and columns. However, the sign of ω and ω BP is opposite. This leads us to the conclusion that the compressive stress present in the system overcompensates the downshift due to finite crystallite size and thus hides the phonon confinement effect.
Recently, it is well established that Si-NCs are present in the SiO 2 matrix as a pure Si diamond lattice surrounded by a thin suboxide layer. The about 1 nm thick suboxide shell covering the Si-NCs is known to play an active role in the luminescence mechanism [10] . The presence of the compressive stress in the shell region was predicted by ab initio calculations [24] as well as Monte Carlo simulations [25] . It was suggested that shortening of the Si-Si bonds in the Si-NC core may lead to complex deformations of the Si-NC environment. Therefore, the variable stress exerted on the Si-NCs in our experiment strongly suggests that the Si-NC environment changes noticeably with O/Si ratio. This change may be related to matrix quality improvement with the increase of O/Si. For Si-NCs in the SiO 2 matrix deposited by the sputtering method, it was shown many times [26, 27] that matrix quality is somewhat better (less amorphous) for samples containing smaller Si-NCs. Simultaneously, it was shown that the quality of the interfacial region between SiNCs and the surrounding silica improves for smaller Si-NCs. This quality is closely related to the increased density of the Si-O-Si bonds at 180
• . The increased density was found in the case of smaller Si-NCs. What is more, due to the large density gradient (9%) of Si-NCs and oxide host, when merged at their interface, the network topologies in either side deform in order to accommodate the transition [25] . In this way, formation of the good structural quality matrix forces Si-NCs to accommodate, leading to a compressive stress exerted on the Si-NCs which is the strongest in the case of the smallest Si-NC diameters (O/Si = 1.3). On the other hand, when Si-NCs increase in size, it may cause deformation of the surrounding matrix and the emergence of voids. Indeed, the latest molecular dynamics (MD) simulations have shown that the interface structure between Si-NCs and the environment is generally highly porous on the silica side [9] , making the contact with the Si-NC highly discontinuous. At the same time, the surface density of bridge Si-O-Si bonds (with an O atom placed between two Si atoms belonging to the Si-NC surface) increases with the Si-NC diameter [9, 25] . This may lead to a more pronounced suboxide shell region in the case of bigger Si-NCs (O/Si = 0.7) and therefore to lower interfacial region quality.
To investigate how the environment influences optical properties of Si-NCs, we measured PL decays for the emission band at 1.51 eV. As a result, strongly non-singleexponential decay curves were obtained. These kinds of curves are typical for disordered materials, where excited carrier relaxation occurs simultaneously through various competing channels [28] . Previously we have shown [12] that this kind of decay curve may be fitted very well using the Laplace transform of the log-normal recombination rate distribution. In this way deviations from single exponential decay can be described quantitatively by means of distribution central moments. Figure 4 shows the mean lifetime and recombination rate distribution width as a function of the O/Si ratio. Clearly, the lifetime decreases for larger Si concentrations (lower O/Si ratio). Simultaneously, the rate distribution width increases. We relate this effect to enhanced nonradiative recombination in the case of lower O/Si samples. This explanation is supported further by calculation of the relative PL quantum yield (PL QY). It can be seen in figure 4 that PL QY decreases while increasing Si content (∼30 times decrease). Moreover, broadening of the distribution width suggests that more nonradiative recombination sites appear [29] with decreasing O/Si ratio. Then, these new recombination paths play an active role in carrier relaxation kinetics. It is worth noting that the introduction of impurities into the Si-NC environment leads to very similar effects (decay time shortening and broadening of distribution width [12] ). This allows us to relate the nonradiative recombination sites to defect states that occur in the structure in various amounts depending on the O/Si ratio. In the investigated case, the Raman measurements suggest that the Si-NCs' surroundings change with O/Si ratio, which probably means that the new nonradiative sites are located outside the Si-NCs in the suboxide shell (interfacial region). In this way, changes of the Si-NC environment affect not only the amount of stress exerted on the Si-NC core, but also carrier relaxation dynamics and, finally, the PL QY. For now, it is impossible to say what structures could be responsible for the nonradiative recombination. This problem requires further investigation.
Conclusions
In conclusion, we have shown that compressive stress is exerted on Si-NCs in multilayered SRO samples deposited by magnetron sputtering.
This stress may completely overcompensate the phonon quantum confinement effects. We relate the observed strong stress dependence on O/Si ratio to the changes of structural quality of the matrix surrounding the Si-NCs. Therefore, the decrease of O/Si ratio leads to changes in the Si-NC environment, which result in new nonradiative recombination sites in the Si-NC vicinity. This influences carrier relaxation kinetics and strongly decreases PL QY while increasing Si concentration.
